Abstract. In this study, we report measurements of CFC-12 (CCl 2 F 2 ) in firn air and in air extracted from shallow ice cores from three Antarctic sites. The firn air data are consistent with the known atmospheric history of CFC-12. In contrast, some of the ice core samples collected near the firn-ice transition exhibit anomalously high CFC-12 levels. Together, the ice core and firn air data provide evidence for the presence of modern air entrapped in the shallow ice core samples that likely contained open pores at the time of collection. We propose that this is due to closure of the open pores after drilling, entrapping modern air and resulting in elevated CFC-12 mixing ratios. Our results reveal that open porosity can exist below the maximum depth at which firn air samples can be collected, particularly at sites with lower accumulation rates. CFC-12 measurements demonstrate that post-drilling closure of open pores can lead to a change in the composition of bubble air in shallow ice cores through purely physical processes. The results have implications for investigations involving trace gas composition of bubbles in shallow ice cores collected near the firn-ice transition.
Introduction
The air in polar firn and ice cores is a unique archive of the ancient atmosphere. Extraction and analysis of this air has enabled reconstruction of paleo-atmospheric records of carbon dioxide (Petit et al., 1999; Lüthi et al., 2008) , methane (Brook et al., 1996) , and nitrous oxide (Sowers et al., 2003) , which have been validated by establishing consistency between gas records from multiple ice core sites. Similarly, contemporaneous data from different sites have been used to demonstrate continuity between the instrumental time series measurements, and firn air and ice core gas records (Battle et al., 1996; Etheridge et al., 1996) .
Firn is the layer of perennial snow that sits atop the underlying impermeable ice of persistent ice sheets. Firn can vary in thickness from tens of meters to over a hundred meters. It is porous and allows the air within to mix with the overlying atmosphere. The diffusivity in firn decreases with depth as the snow densifies, causing the age of interstitial air to increase with depth. The decrease in permeability is most rapid near the bottom of the firn, in the lock-in zone, where the bubble close-off process starts and the permeability drops to near zero. At some depth below the lock-in zone, the transition of firn to impermeable ice is complete and all air is occluded in bubbles (Battle et al., 1996; Schwander et al., 1993; Severinghaus and Battle, 2006) . This full close-off Published by Copernicus Publications on behalf of the European Geosciences Union. 5136 M. measurements in Antarctic firn air and ice cores depth can be estimated from direct measurements of closed porosity (Martinerie et al., 1992; Schwander et al., 1989) .
Various physical processes can alter gas compositions and isotopic ratios of air in the firn prior to and during bubble close-off (Bender, 2002; Craig et al., 1988; Schwander, 1989; Severinghaus et al., 2001; Severinghaus and Battle, 2006) . Once entrapped in bubbles, the abundance of a particular gas in the ice core air may yet change through processes that occur in situ or during storage following the retrieval of the cores (Anklin et al., 1997; Bender, 2002; Bender et al., 1995; Delmas, 1993; Haan and Raynaud, 1998; IkedaFukazawa et al., 2005) . Understanding the impact of such processes is important because they may ultimately influence the interpretation of ice core gas records.
Recently, firn air and ice core studies have been used to examine the atmospheric variability of less abundant trace gases such as methyl chloride, methyl bromide, and carbonyl sulfide Butler et al., 1999; Saito et al., 2007; Saltzman et al., 2008; Sturges et al., 2001a, b; Trudinger et al., 2004; Williams et al., 2007) . These measurements, which can potentially be extended to a range of low-level trace gases, allow for examination of the natural variability in atmospheric levels of these compounds as well as the influence of human activities on the trace gas composition of the atmosphere. Such gases are typically present at parts-per-trillion (ppt) levels in modern air. As a result, they are very sensitive to contamination during sampling, storage, and analysis.
One of the trace gases we routinely measure during ice core analysis is CFC-12 (CCl 2 F 2 ), with the primary purpose of identifying vacuum leaks in the extraction and analytical systems. CFC-12 is a synthetic chlorofluorocarbon manufactured during the 20th century for use as a refrigerant and an aerosol spray propellant. Its atmospheric history is well established with agreement between instrumental time series measurements beginning in 1978 and industry-reported production and emission data (Walker et al., 2000) , the distribution of dissolved CFC-12 in the oceans (e.g. Weiss et al., 1985) , and firn air measurements (Butler et al., 1999; Sturrock et al., 2002) . Its atmospheric history (ftp://ftp.cmdl.noaa.gov/hats/firnair/) indicates that the CFC-12 mixing ratio in the atmosphere was less than 1 ppt before the 1940's. In this study, we focus on the compositional integrity of the air bubbles trapped in shallow ice cores, using CFC-12 measurements as a tool to identify post-coring entrapment of modern air.
Samples and site characteristics
Ice core samples used in this study are from three The physical environmental characteristics vary considerably among the sites (Table 1) . The mean annual temperature is -31.0 • C at WAIS divide, −25.4 • C at Siple Dome, and −51.0 • C at South Pole. The accumulation rate for the WAIS-D 05A core is 22.2 cm/y based on a combination of ion chemistry data from the top 70 m and continuous electrical conductivity and di-electric property (ECM/DEP) measurements between 70 m and 298 m (Mischler et al., 2009) , and the accumulation rate for SDM-C is 11.4 cm/y based on visual stratigraphy (Richard B. Alley, http://nsidc.org/data/ waiscores). The mean accumulation rate over the top 207 m of the SPRESSO core is 8.3 cm/y (A. Gow, personal communication, 2006) based on visual stratigraphy.
The WAIS-D firn air samples were collected from two shallow holes drilled adjacent to WAIS-D 05A in 2005 and named 05C and 05E. The Siple Dome firn study was conducted in 1996, one year after the collection of the SDM-C core at the Siple Dome deep drilling site. South Pole data are from two firn holes drilled near the geographic pole: one in 1995 (SPO'95) and the other in 2001 (SPO'01). Siple Dome and the South Pole firn air samples were analyzed by the halocarbons group at NOAA/ESRL Global Monitoring Division. There are two sets of CFC-12 data from WAIS-D. These data are obtained from measurements on two separate sets of flasks filled sequentially from the same two firn holes and analyzed in laboratories at NOAA/ESRL and at UCI.
Experimental

Ice core analysis (UCI)
All ice core CFC-12 analyses were performed in the laboratories at UCI. The Siple Dome measurements were completed using "dry-extraction" of ice core air and subsequent analysis in a GC-MS system. The specifics of the extraction and analytical procedures for Siple Dome samples are previously published (Aydin et al., 2002) . The WAIS-D and SPRESSO samples were extracted and analyzed using an updated procedure described in detail by Aydin et al. (2007) . These techniques were previously used to measure CH 3 Cl, CH 3 Br, and COS Aydin et al., 2008; Saltzman et al., 2008) and were applied unchanged during the analysis of WAIS-D and SPRESSO samples. Since the validity of our results hinges on the integrity of our methodology, we present a summary in the rest of this section. These methods are currently used in ice core analysis at UCI and apply to WAIS-D and SPRESSO samples. In dry-extraction, air is mechanically liberated from the ice core without melting the ice. The extraction chamber is a stainless steel tube (20 cm long, 6000 cm 3 volume) sealed on both ends with conflat flanges. Welded inside is a flat, stainless steel grater that acts as a cutting surface. There is a stainless steel bellows valve welded on to one of the side flanges for pumping and gas extraction. The size of the ice samples were typically ∼15 cm long (10-18 cm range), from gas sample specific cuts to minimize inclusion of the outer layer of the core that contacts the drill during recovery. The outer 4-6 mm of each ice sample is shaved off with a clean stainless scalpel immediately before it is loaded in the extraction chamber. This is primarily to avoid potential contamination from prior handling of the ice and to eliminate the micro-cracks that may exist close to the drilling surface. Any part of the sample that includes visible cracks is also shaved off at this stage. At the start of the extraction, the chamber is placed on a cradle built inside a chest freezer. The cradle is connected to a motor with steel shafts that run through the side walls of the freezer and is put into linear oscillatory motion (15 cm throw at 1 Hz) to shred the sample. The freezer temperature is maintained at −50 • C during extraction. After 15 min of shredding, the motor is stopped and the extraction chamber is connected to a vacuum line via a flexible stainless steel tube. The sample in the chamber is transferred into a 70 cm long, 1/4 OD stainless steel tube, which is cooled on one end to 4 K, using liquid He. The average amount of the air extracted from the WAIS-D, Siple Dome, and SPRESSO samples were 38±9 ml STP, 42±9 ml STP, and 31±7 ml STP (±1σ ), respectively.
A pre-and a post-shred N 2 blank is analyzed for each sample to test the vacuum integrity of the extraction chamber and the cleanliness of each ice core sample. Clean N 2 gas is introduced into the extraction chamber after the sample is loaded and isolated for the same amount of time it takes to shred a sample (15 min). The size of the N 2 introduced into the cans is comparable to a typical ice core sample (30-50 ml STP). All equipment and procedures during both the pre-and postshred blanks are the same as the sample runs except the cradle is not put into motion to avoid shredding the ice core sample as some ice remains intact inside the can even after the shredding.
The samples are analyzed for an array of trace gases using gas chromatography with mass spectrometric detection (GC-MS). The GC oven (6890 -Agilent corp.) is fitted with the cryogenic cooling option and a 60 m long non-polar DB-1 column that is operated in constant flow mode at 1 ml/min. A chromatography run starts with 3 min of isothermal separation at −50 • C, followed by warming first at a rate of 10 • C/min to −40 • C, and then at 30 • C/min to 150 • C. The MS is a dual focusing magnetic sector instrument (Autospec Ultra, Waters Corp.), which is tuned to a mass resolution of approximately 6000 (m/ m) at 5% peak height.
The instrument calibration is based on ppt-level gas standards prepared in our laboratory from pure compounds with a two step dilution method . The Autospec instrument is susceptible to occasional step changes in sensitivity of 10-20%. To correct for such changes, we typically add an internal gas standard to each sample containing a deuterated or 13 C isotopologue of each analyte. This was not done for CFC-12 since the original intent was to monitor CFC-12 only as a marker for contamination. CFC-12 was calibrated with external standards only. As a result, the reproducibility of the CFC-12 data for ambient air samples of 100 ml STP is 5% (±1σ ).
Firn air analysis (UCI)
The only firn samples analyzed at UCI were one set of samples collected at the WAIS-D site from two adjacent holes. A different set of WAIS-D flasks collected from the same two holes was analyzed separately at NOAA/ESRL and will be discussed in the following section. Firn air samples are obtained by sequentially drilling to various depths, inserting a plug (a 4 m long rubber bladder) about 20 cm above the bottom of the hole, and pumping air from the bottom via a flexible tube inserted through the plug. Previously established procedures were implemented unchanged (Schwander et al., 1993; Bender et al., 1994; Battle et al., 1996) . All UCI samples were collected after thorough flushing of two-port, 2 L glass flasks, which were subsequently pressurized to about 210 kPa and shipped back for laboratory analysis. The measurements were completed 4-5 months after the collection of the samples.
The firn air samples were analyzed on the same GC-MS instrument that was used for ice core samples. On average, 81±9 ml (±1σ ) STP of air was analyzed from each flask. As is the case for the ice core data, the largest source of uncertainty in UCI CFC-12 data is the instrumental drift, which could not be corrected for due to lack of an internal standard for this compound. The average standard deviation in the replicate runs was 4.5% of the reported mixing ratio.
Firn air analysis (NOAA)
Firn air was also collected with identical techniques in sets of two-port stainless steel and glass flasks and subsequently analyzed at the NOAA/ESRL labs in Boulder, Colorado. The Siple Dome and SPO'95 flasks were analyzed with gas chromatography coupled with electron capture detection (ECD) (Butler et al., 1999) . The SPO'01 and WAIS-D flasks were analyzed on a separate GC-MS system . For the ECD analysis of flasks, mean CFC-12 mixing ratios in flask pairs filled in parallel typically differ by <1.1 ppt (<0.4% in 90% of flask pairs). For flasks analyzed by mass spectrometry mean CFC-12 mixing ratios typically differ by <2.5 ppt (<1.3% in 90% of the flask pairs). Non-linearity in the ECD response is corrected based on gravimetric standards ranging from 78 to 647 ppt (Butler et al., 1999) . GC-MS response is observed to be linear during the analyses of gravimetric standards. Zero air samples are regularly run as instrument blanks, which are used for linear interpolation of calibration curves down to 0 ppt.
Firn air modeling
Model calculations for all sites were carried out using the UCI firn air model. This is a one dimensional diffusion model with a fixed snow accumulation rate, and a vertically variable diffusivity (Schwander et al., 1988 (Schwander et al., , 1993 . The distribution of open porosity with depth is obtained using measured density profiles and a density-open porosity relationship following Schwander (1989) and Schwander et al. (1988) , except open porosity is assumed to vanish at the deepest sampling depth for each firn hole. Effective gas diffusion coefficients in the model are variable with depth as they are scaled to change with the open porosity. The parameterization between diffusivity and open porosity is tuned to generate realistic CO 2 profiles with known atmospheric histories of this gas (Etheridge et al., 1996; Conway et al., 2004) . A detailed description of the tuning procedures and physical parameters used in the UCI firn model is provided by Aydin et al. (2004) and Montzka et al. (2004) .
The CFC-12 atmospheric history (ftp://ftp.cmdl.noaa.gov/ hats/firnair/) used in the model runs was constructed from industrial emissions estimates (for 1930-1978) and the southern hemispheric means of the NOAA flask and in-situ measurement programs (for 1978-2008) . This atmospheric history is similar to the one tested and confirmed by Butler et al. (1999) . It agrees well with the CFC-12 atmospheric history derived from the ALE/GAGE/AGAGE flask network measurements and industry emissions data (Walker et al., 2000) .
Results
WAIS-Divide
Two sets of glass flasks were collected simultaneously during the WAIS-D field campaign for analysis at NOAA and UCI. The NOAA firn air measurements show CFC-12 levels rising steeply from 19 ppt at 76.5 m, to 350-400 ppt at 66 m, followed by a more gradual increase to 532 ppt at the surface (Fig. 1) . There is agreement between the NOAA and UCI results, within the estimated analytical uncertainty of the measurements. Most of this uncertainty is attributed to drift in the UCI mass spectrometer response, as noted above. The model generated profile agrees well with the data, indicating that the CFC-12 measurements from WAIS-D firn are consistent with the known atmospheric history of this compound (Fig. 1) Results from 4 ice samples (143.6 m, 162.6 m, 199.3 m, and 232.0 m) out of a total of 57 from the WAIS-D 05A core are not included in the analyses because CFC-12 measurements in pre-or post-shred blanks indicated leaks into the extraction chamber. In the rest of the ice core samples, there was no measurable CFC-12 below the maximum firn sampling depth at 76.5 m (Fig. 1) . This horizon will be referred to as the firn sampling threshold depth (FSTD) in the rest of this manuscript. The FSTD marks the point below which flows of air from open pores during sampling becomes negligible. However, as discussed below, it does not mark the completion of the bubble close-off process. The shallowest ice sample below the FSTD at WAIS-D is from 78.6 m and has a CFC-12 mixing ratio of 0.7±0.9 ppt. Air at this depth has a methane date of 1940 C.E. (Mischler et al., 2009 ). The ice core mixing ratio of 0.7±0.9 ppt is consistent with the atmospheric history of CFC-12, which shows a rise from 0 ppt to 1 ppt between 1935 and 1945 (ftp://ftp.cmdl.noaa.gov/hats/firnair/). Samples below that depth contain older air and are not expected to contain CFC-12 at detectable levels.
Two ice core samples from above the FSTD contained measurable CFC-12 (257 ppt at 74.9 m, and 434 ppt at 71.7 m). These CFC-12 mixing ratios are much higher than those in firn air from similar depths (49 ppt at 74.0 m, and 129 ppt at 71.7 m). The air trapped in bubbles should be similar in age, or slightly older, than the firn air at a given depth since firn air can continue to mix with younger air from shallower depths. Indeed, we were unable to recreate CFC-12 mixing ratios measured in ice core air for any plausible combination of diffusivity and bubble formation distribution with depth. The unexpectedly high levels of CFC-12 at depths above the FSTD can only be explained by existence of some amount of modern air in the sample. It is highly unlikely that this is contamination that occurred during extraction or analysis in the laboratory since the observation is limited to samples above the FSTD only. We conclude that an exogenous process (post-coring bubble closure) is needed to account for the observations.
Siple Dome
The FSTD at Siple Dome is 56.5 m and the CFC-12 mixing ratio of the sample from this depth is 13 ppt (Fig. 2) . The Siple Dome firn data are similar to WAIS-D in that the first 10 m from the bottom is characterized by a steep increase that is followed by a more gradual rise to surface values. This CFC-12 firn profile agrees well with the known CFC-12 atmospheric history in numerical simulations (Fig. 2) .
In the SDM-C ice core samples, CFC-12 was undetectable in 19 out of 25 samples from 70-92 m with 6 samples measuring 1-4 ppt. All 9 samples between 62-69 m had measurable CFC-12 with 4 samples measuring higher than 4 ppt and a maximum of 13 ppt at 68.4 m (Fig. 2) . Higher above, CFC-12 rises sharply from 25-50 ppt at 62 m to about 1300 ppt at 54 m. There are a total of nine samples between 54-62 m, three of which are from above the FSTD. The CFC-12 mixing ratio measured in these three samples from 54.1 m, 54.9 m, and 55.9 m are 1236 ppt, 1321 ppt, and 305 ppt, respectively. For the six samples just below the FSTD, CFC-12 averaged 39±15 ppt (±1σ ).
The CFC-12 levels in the SDM-C samples from just above the FSTD at 54.1 m, 54.9 m, and 55.9 m are higher than those observed above the FSTD at WAIS-D. Two out of three of these samples have CFC-12 mixing ratios that are more than twice the atmospheric levels observed during the late 1990's (ftp://ftp.cmdl.noaa.gov/hats/firnair/). Apparently, these ice core samples were exposed to air with anomalously high levels of CFC-12, and that some of this contaminated air was trapped in the samples. SDM-C results differ from WAIS-D data in that the samples from below the FSTD (56-68 m) also display elevated CFC-12 levels.
South Pole
CFC-12 mixing ratios of 2-4 ppt at the bottom of the SPO firn are considerably lower than those measured at the other two sites (Fig. 3) , indicating older gas ages at the bottom of the SPO firn (Table 1; Battle et al., 1996; Butler et al., 1999) . Over intermediate and shallow depths, the SPO'01 and SPO'95 profiles differ by several tens of ppt. This difference reflects both the incorporation of the increasing CFC-12 burden in the atmosphere between 1995 and 2001 into the SPO firn and its subsequent downward diffusion into the firn as simulated by the model runs (Fig. 3) .
The FSTD at SPO is 121 m. No SPRESSO ice core samples above the FSTD were analyzed, however, there is measurable CFC-12 in ice from several meters below the FSTD (Fig. 3) . The CFC-12 content of ice increases rapidly from 0.4±0.3 ppt at 140.2 m to 257±1 ppt at 124.6 m. Of the 15 samples between 140.2 m and 124.6 m, there are detectable levels of CFC-12 in all but three. There is also evidence of elevated CFC-12 in a few of the deeper samples between 140 m and 160 m. The only other section of this core where CFC-12 was detectable is below 260 m where the ice core quality was poor, suggesting perhaps some post-coring entrapment of CFC-12 in the fractures of the brittle ice. It is also for this reason that gases were analyzed in only three samples between 280 m and 300 m.
Upper limits on the extent of the post-coring entrapment of modern air
The elevated CFC-12 in some of the ice core samples suggests that a modern air component is incorporated into the ice cores after drilling. The fraction of the modern air entrapped in these samples can be estimated only if the mixing ratio of this component is known. One can assume that the mixing ratio of this component was the same as the surface air mixing ratio at the time of drilling and during subsequent storage. However, two of the samples from Siple Dome have CFC-12 levels more than twice that of peak levels in the atmosphere, indicating that the modern component in these samples is enriched in CFC-12 compared to surface air. Siple Dome core has the earliest collection date among the three cores analyzed in this study, dating back to 1995 when the ban on use and production of CFC-12 first took effect under Montreal Protocol (Clerbaux et al., 2006) . The enrichment might have occurred during storage. Freezer systems that use CFC-12 as a refrigerant and the insulating foams used in ice core storage boxes and freezer containers are two potential sources of CFC-12 enriched air. In the remainder of this section, the fraction of the modern air entrapped in CFC-12 containing samples from WAIS-D and SPRESSO is calculated using ambient CFC-12 levels as one of the mixing end members.
It cannot be ruled out that the entrapped air was CFC-12 enriched, as in the case of Siple Dome, which implies that the results presented below set only an upper limit for the inferred contributions. We made two assumptions to calculate the modern air fraction in WAIS-D samples from 71.7 m and 74.9 m: 1) CFC-12 level of the modern component is 540 ppt (ftp://ftp.cmdl. noaa.gov/hats/firnair/), and 2) the pores that closed in situ contain the same CFC-12 level as firn air at the same depth. Under these assumptions, postdepositional entrapment contributes 74% of the total closed porosity at 71.7 m, and 45% at 74.9 m. The total closed porosity in these ice core samples can be estimated from the amount of gas recovered during extraction of the sample for analysis. In addition to the closed porosity, the amount of gas released during extraction of ice core samples is a function of the sample weight and the extraction efficiency. To account for the differences in sample weight, which was not measured, we only looked at samples of a uniform shape that were cut to 0.1 m in length, similar to the shallowest two pieces. However, during the sample preparation stage the outer surfaces of the samples are shaved off just prior to loading. This is done by hand, using a scalpel, and randomly alters the weight of samples in addition to other irregularities in shape that will introduce variability to the sample weights. We found a small but significant negative trend (c.i.=0.95) in gas yield (moles of air per sample) with depth, probably due to a correlating decrease in bubble size and a concomitant drop in extraction efficiency. Extrapolating this trend predicts that samples between 70-80m depth should yield 7.2±1.8×10 −3 mol (c.i.=0.95) of air, with the uncertainty largely reflecting the random variability in extraction efficiency. The actual amounts of air recovered during the extraction of the 71.7 m and 74.9 m samples are 4.8×10 −3 mol and 6.2×10 −3 mol. This result suggests that, at the time of analysis, there was still open porosity remaining in the shallower sample, but that the porosity in the 74.9 m sample was essentially closed.
We calculated the fraction of closed porosity that closed after collection for the SPRESSO samples, using a surface air value of 541 ppt for 2002 (ftp://ftp.cmdl.noaa.gov/hats/ firnair/) but with the assumption that the CFC-12 mixing ratio would be zero if there was no modern air component. The shallowest sample from 124.6 m contains 257.1 ppt of CFC-12, implying that 48% of the closed porosity closed after collection. The fraction quickly drops to about 5% at 125.2 m and 126.8 m, stays at 1-2% in 127-134 m range, and less than that for samples below with the exception of one sample from 282.1 m at 2%. Based on the amounts of air recovered during extraction of SPRESSO samples, there is no indication that any of the samples still had open porosity at the time of the analysis.
6 CFC-12 data and empirical estimates of full close-off depth Schwander et al. (1993) measured profiles of density and closed porosity at Summit, Greenland and proposed an empirical equation that parameterizes closed porosity with density. Severinghaus and Battle (2006) modified this model and described the closed porosity as a linear function of ice density below the density horizon of 815 kg/m 3 :
In Eq.
(1), S, S c , and ρ represent total porosity, closed porosity, and ice density. Open porosity is calculated from the difference between total porosity (obtained from the density) and the closed porosity. Based on the ice density measurements from Siple Dome, WAIS-D, and SPO'01 (Fig. 4) , this equation predicts full close-off at 53.4 m, 80.1 m, and 117.7 m for these three sites, respectively. These depths are shallower than the FSTD's by 3 m at Siple Dome and 6 m at South Pole. We expect the true depth of full close-off to be somewhat deeper than the FSTD, as firn air sampling requires a substantial flow of air through a network of connected pores full close-off depths at these sites. In contrast, the equation predicts the full close-off to be approximately 4 m below the FSTD at WAIS-D and there are no elevated CFC-12 values below the predicted full close-off. Thus, we conclude that Eq. (1) is roughly consistent with observations (or perhaps even too deep) at this site.
The fact that Eq. (1) fails badly at two sites while working reasonably well at a third suggests that there probably is no universal relationship between porosity and density that is applicable to sites with a range of mean annual temperatures and accumulation rates. It may well be significant that the densification at WAIS-D also differs from the other two study sites. Density at WAIS-D remains consistently higher than Siple Dome and South Pole through the top 70% of the firn column (Fig. 4) .
It has been suggested that density is not a good indicator of ice permeability, which correlates with open porosity, and that permeability is strongly affected by variations in the physical properties of ice (Albert et al., 2000) . At sites with slower accumulation rates, even small variations in the accumulation rate can cause differences in the physical properties of ice and impact the permeability (Courville et al., 2007) . The snow accumulation at South Pole is subject to spatial and temporal variations even in the absence of significant climatic changes (van der Veen et al., 1999) . It may be that the existence of open porosity below the FSTD at lower accumulation rate sites is at least partly a consequence of depth-dependent variations in ice microstructure caused by changes in accumulation rates over inter-annual and interdecadal times scales.
Conclusions
Through an examination of firn air and ice core samples, this study presents evidence from three Antarctic sites for the presence of unexpectedly high CFC-12 levels in some ice core samples near the firn-ice transition region. It is highly unlikely that the observations can be attributed to in situ production or analysis artifacts because CFC-12 levels are undetectable in deeper ice, and firn air profiles are consistent with the known history of industrial production of this compound. At Siple Dome, exposure to a highly enriched source of CFC-12 is required to explain the elevated levels. This may also be the case at WAIS-D and South Pole, but it is not required to explain the observations. The most likely explanation for the observations is the entrapment of modern air after the collection of the ice cores, likely due to closure of open pores that exist at the time of recovery.
Most ice coring sites are at high elevation and the cores are subjected to higher barometric pressures than the in situ equilibrium pressure of the air inside the open pores after being transported off the drilling site. We hypothesize that modern air rich in CFC-12 can get incorporated into the core by moving through the existing channels, driven by gradients in P induced flow or via turbulent diffusion. The open pores must later close, possibly due to successional sublimation and recrystallization. The laboratory analysis of SPRESSO, Siple Dome, and WAIS-D samples were completed roughly within 3 y, 7 y, and 2 y after their drilling, apparently providing sufficient time for this process to occur.
A notable result from this study is that at the two sites with slower accumulation rates (Siple Dome and South Pole), open porosity seems to persist well below the depth at which firn air can no longer be extracted from a borehole. The accuracy of empirical relationships between closed porosity and density seem to be site specific and appear to be less reliable at sites with lower accumulation rates. At all three study sites, the extent of post-coring entrapment appears to increase rapidly once above the FSTD. Air extracted from ice core samples collected from above the FSTD should be assumed to contain some fraction of modern air at most drilling sites. One notable exception could be sites with very high accumulation rates. Etheridge et al. (1996 Etheridge et al. ( , 1998 and MacFarling Meure et al. (2006) compared CO 2 , CH 4 , and N 2 O measurements in air from the deepest 5 m of the firn with measurements in ice core bubbles at Law Dome, Antarctica and did not observe any discrepancies attributable to the processes we discuss here. The accumulation rate at Law Dome was about 6 times higher than the WAIS-D site at 1.2 m/y (ice equivalent), consistent with our hypothesis that the alteration of ice core trace compositions due to post-coring entrapment of modern air may be inversely related to accumulation rate. It should also be noted that the very fast accumulation at Law Dome enables selective analysis of samples from denser winter layers, in which the bubble close-off occurs at shallower depths than the summer layers (Etheridge et al., , 1996 Martinerie et al., 1992) . The sample requirements of our analysis and the accumulation rates at the study sites preclude such selective sampling.
The results of this study have no implications on the ice core gas records derived from the analysis of deep ice core samples, or the majority of the shallow ice cores samples that do not contain any open porosity at the time of collection. We detected no CFC-12 in deeper sections of the cores at any of the study sites, indicating that anomalous gas measurements close to the firn-ice transition do not categorically invalidate measurements from an entire ice core. However, analyses of shallow ice core samples that may contain open pores at the time of collection should be interpreted with caution. Sowers et al. (1989) saw evidence that during storage, the elemental composition of N 2 , O 2 , and Ar in shallow ice cores may change. Our data show that post-coring entrapment can occur, implying that at sites with low to medium accumulation rates, it may not be possible to establish continuity between trace gas measurements in firn air and shallow ice cores. Further studies are needed to better quantify the magnitude of the entrapment. The anthropogenically produced CFC, HCFC, and HFC compounds may be ideal for such studies because they are nonreactive and have well defined atmospheric histories.
